To date, treatment allocation of CRC patients is based on the TNM (Tumour, Node, Metastasis) classification system of the American Joint Committee on Cancer. Under the current classification, patient groups still show large differences in clinical outcome ([@bib5]; [@bib16]; [@bib37]). Biomarkers that can better predict patient survival and the development of recurrent disease or metastasis are therefore warranted. These biomarkers can be used to further refine the TNM-staging system to identify CRC patients who may benefit from adjuvant therapy and/or close follow-up in addition to surgery. This will contribute to an approach of personalised treatment, based on individual tumour characteristics.

Advances have been made towards the discovery of biomarkers in order to improve tumour staging. The American Society of Clinical Oncology\'s Tumor Markers Expert Panel (ASCO TMEP-2006) and the European Group on Tumor Markers (EGTM) reviewed the literature on a collection of biomarkers, of which most lacked the significant and discriminative value required for clinical implementation ([@bib12]; [@bib30]; [@bib11], [@bib10]). Combining biomarkers based on tumour biology, thereby better reflecting tumour aggressiveness, might increase their clinical discriminative and prognostic value synergistically. The cancer hallmarks, as described by Hanahan and Weinberg ([@bib17], [@bib18]), are those features that a tumour needs to attain to be able to sustain itself as tumour. Tumour aggressiveness may be related to the extent to which these different cancer hallmarks are acquired throughout the tumour, reflected by expression levels of specific individual biomarkers. In this study, we investigated the expression of aldehyde dehydrogenase 1 family member A1 (*ALDH1A1* or Aldh1), baculoviral IAP repeat-containing protein 5 (*BIRC5* or Survivin) and epithelial cell adhesion molecule (*EPCAM* or EpCAM). Together the expression levels of these markers represent the degree of acquirement of the main cancer hallmarks ([@bib17]) in CRC ([Table 1](#tbl1){ref-type="table"}). Aldh1 is a cytoplasmatic enzyme responsible for the oxidation of intracellular aldehydes ([@bib50]; [@bib34]), thereby conferring therapeutic resistance to alkylating agents ([@bib45]). Research suggests that Aldh1 has a role in early differentiation of stem cells and their proliferation ([@bib8]) and metastasis ([@bib20]). Expression of Aldh1 is associated with cancer stem cells ([@bib9]). Survivin plays an important role in the regulation of apoptosis ([@bib2]; [@bib22], [@bib23]; [@bib39]; [@bib48]; [@bib49]) and cell division ([@bib1]). Survivin is required for normal fetal development, and is generally no longer expressed in most adult tissues ([@bib2]). Re-expression of Survivin is observed in a range of human cancers ([@bib2]) and linked to (colorectal) carcinogenesis ([@bib27]). Expression of Survivin is associated with metastasis ([@bib39]; [@bib26]; [@bib7]), local recurrent disease ([@bib38]) and poor prognosis ([@bib22]; [@bib41]; [@bib39]; [@bib43]) in CRC. Membrane glycoprotein EpCAM is expressed on the highly proliferative cells of the intestinal epithelium ([@bib3]), and is overexpressed in most human carcinomas ([@bib47]), including colorectal carcinomas ([@bib19]; [@bib42]). Contradictory roles for EpCAM in cancer development have been published and reviewed ([@bib44]). In CRC, loss of membranous EpCAM expression is generally associated with a tumour-promoting role and poor patient survival ([@bib28], [@bib29]; [@bib4]; [@bib46]; [@bib14]; [@bib31]).

Expression levels of specific biomarkers were hypothesised to represent the extent to which certain cancer hallmarks are acquired in individual colorectal tumours, and to correlate with clinical outcome. Based on the properties of each of the three studied biomarkers described in [Table 1](#tbl1){ref-type="table"}, above-median expression of Aldh1, above-median expression of Survivin, and below-median expression of EpCAM were hypothesised to denote clinically unfavourable (associated with poor clinical outcome) biomarker expression in colorectal tumours. In combined analyses, an increase in the number of biomarkers with unfavourable expression could imply more aggressive tumours.

In summary, we investigated tumour expression of Aldh1, survivin, and EpCAM in correlation with patient survival in order to predict clinical outcome in CRC patients.

Materials and methods
=====================

Study cohort
------------

The study population consisted of 309 CRC patients and is described in [Figure 1](#fig1){ref-type="fig"}. Information of covariate data was available for the patients, and included age at operation, gender, TNM-stage, tumour location, tumour diameter, microsatellite stability status (MSS-status), history of cancer, adjuvant treatment, tumour recurrence, and the occurrence of a new primary tumour in the follow-up period. The follow-up period was right-censored in October 2011 or ended earlier due to death or loss to follow-up. Informed consent was obtained from all patients included in the study and the use of these specimens was approved by the Medical Ethical Committee of the Leiden University Medical Center (LUMC). All samples were coded, according to national ethical guidelines ('Code for Proper Secondary Use of Human Tissue\', Dutch Federation of Medical Scientific Societies). This study was performed according to the REMARK guidelines (NCI-EORTC) ([@bib33]).

Tissue microarrays (TMAs)
-------------------------

The preparation of the TMAs was described by [@bib52]. In brief, tumour tissues were collected from a consecutive series of CRC patients who underwent surgery at the LUMC of their primary colon or rectum tumour between 1991 and 2001 (*N*=470) and of whom tumour tissue was available (*N*=409). Formalin-fixed paraffin-embedded (FFPE) samples from each of the patients were used to construct a TMA. Haematoxylin and eosin-stained tissue sections of each of the tumour tissue blocks were reviewed by a pathologist for histopathologically representative tumour regions. Per patient, three tumour tissue cores of size 0.6 mm were transferred to a recipient paraffin block using a custom-made precision instrument. Tissue sections of 4 *μ*m were cut for immunohistochemistry.

Determination of MSS-status
---------------------------

Determination of MSS-status was published previously for the colon cancer patients of the patient population by [@bib52]. This section reports the determination of the total patient cohort, including the previously reported colon cancer patients and the rectum cancer patients. In brief, tumour tissue cores of size 2 mm were collected for all patients of whom additional FFPE material was available (*N*=329). Paraffin was dissolved in xylene. Tissues were rehydrated in ethanol (100 and 70%) and subsequently dried for 10 min at 37 °C. DNA was extracted using the Nucleospin 96 Tissue kit (Machery-Nagel, Düren, Germany) according to the manufacturer\'s protocol. As described previously ([@bib51]), MSS-status was assessed using the MSI Analysis System Version 1.2 (Promega, Mannheim, Germany) and interpreted by an experienced pathologist. For 59 patients of our study cohort (*N*=309) MSS-status was unknown due to non-informative results or absence of additional FFPE material.

Assessment of marker expression
-------------------------------

Antibodies against Aldh1 (ALDH1A1, AB52492, Abcam, Cambridge, UK), Survivin (BIRC5, AB469, Abcam) and EpCAM (Ab323A3, in-house produced hybridoma, kindly provided by the LUMC Department of Pathology ([@bib13])) were used for immunohistochemistry to detect expression in the tumour cells at predetermined optimal dilutions. TMA sections of 4 *μ*m were deparaffinised in xylene and rehydrated in a series of graded alcohol-to-(distilled)water dilutions. Antigen retrieval was performed by trypsin treatment or by heat induction at 95 °C using PT Link (Dako, Glostrup, Denmark) with a low-pH Envision FLEX target retrieval solution (pH 6.0, citrate buffer, Dako). Endogenous peroxidase activity was blocked with 0.3% hydrogen peroxide in water for 20 min. The primary antibodies were incubated overnight, followed by incubation with secondary antibodies (Envision-HRP labeled polymer anti-rabbit/anti-mouse, Dako) for 30 min. Chromogen DAB (3,3-diaminobenzidine, Dako) was used for visualisation. Subsequently, sections were counterstained with haematoxylin, dehydrated, and covered.

Stained TMA slides were scanned and analysed on the Ariol system (Leica Microsystems, Wetzlar, Germany). The percentage of tumour cells positive for cytoplasmatic Aldh1, cytoplasmatic Survivin or membranous EpCAM was determined. Percentages of tumour cells expressing cytoplasmatic Aldh1 were scored semi-automated by the Ariol system according to the manufacturer\'s recommendations. Two independent (blinded) observers assessed percentages of tumour cells expressing cytoplasmatic Survivin or membranous EpCAM, with the second observer assessing at least one-third of the tumour cores. Presence of the marker was classified as the percentage of stained tumour cells with 10% increments, and including 5% and 95%. The inter-observer variability was analysed using Cohen\'s kappa coefficient. A kappa \>0.6 was considered as sufficient inter-observer agreement, indicating the reliability of the data. The mean percentage of positive cells of the three cores per patient (from the first observer) was used for survival analysis.

Statistical analysis
--------------------

All data were analysed using the statistical package SPSS 20.0 for Windows (SPSS Inc, Chicago, IL, USA). Based on the skewed distributions of percentages of positive cells, the median percentages were used as cutoff values to divide patients into two groups for each of the individual markers (single-marker analyses). Multivariate single-marker analyses were used to verify hypothesised clinically unfavourable single-marker expression. For combined-marker analyses, patients were divided into three groups, based on expression of single markers, according to the following grouping: patients with only clinically favourable marker expression (group 1), patients with unfavourable marker expression of one or two of the three markers (group 2), and patients with only clinically unfavourable marker expression (group 3). Group 1 served as the reference group in all combined-marker survival analyses.

Survival analyses were performed for single-marker expression and for the combination of the three markers. Overall survival (OS) was defined as the time from surgery until death by any cause. Disease-specific survival (DSS) was defined as the time from surgery until death by CRC. Distant recurrence-free survival (DRFS) was defined as the time from surgery until the diagnosis of a distant recurrence or death by cancer.

The relationship between single-marker expression or combined-marker expression and established prognostic factors was investigated using the Pearson *χ*^2^ test. The Cox proportional hazards model was used to analyse the association between single markers or their combination and patient survival. For OS, Kaplan--Meier curves were used to visualise these associations. For DSS and DRFS, cumulative incidence curves were calculated, accounting for death due to other causes ([@bib36]). All important non-subjective covariates for CRC, as described in the section on the study cohort, were included in multivariate analyses irrespective of statistical significance, to correct for potential differences and survival influence of covariate distribution between the analysis groups. Both the occurrence of a secondary CRC or other type of primary tumour in the follow-up and adjuvant treatment in the follow-up were entered as time-dependent covariates. Differences in clinical outcome between patient groups are presented as hazard ratios (HRs). All tests were two-tailed and *P*-values\<0.05 were considered statistically significant.

Results
=======

Marker expression in study cohort
---------------------------------

Immunohistochemical data of single-marker expression were available for over 97% of the 309 patients in the study population. The median percentages of tumour cells positive for Aldh1, Survivin and EpCAM were ∼1.6%, ∼86.5%, and ∼88.5%, respectively, which were used for subsequent group division. [Figure 2](#fig2){ref-type="fig"} shows representative staining for below-median and above-median expression of single markers. The Cohen\'s kappa coefficient of Survivin (0.66, *P*\<0.001) and EpCAM (0.74, *P*\<0.001) was determined as level of inter-observer agreement, showing sufficient agreement.

Correlation of individual marker expression with standard clinicopathological parameters is described in [Table 2](#tbl2){ref-type="table"}. Aldh1 expression was significantly correlated with age at operation, with the above-median expression group containing less elderly patients. Expression of Survivin was significantly correlated with TNM-stage, with the above-median expression group containing more patients with higher TNM-stages. Expression of EpCAM showed significant correlation with the occurrence of a primary tumour in the follow-up period, with the above-median expression group containing more patients with new primary tumours. Correlation of combined-marker expression with standard clinicopathological parameters is described in [Supplementary File S1](#sup1){ref-type="supplementary-material"}. Combined-marker expression did not show any significant correlation with standard patient or tumour characteristics.

Impact of single-marker expression on patient survival
------------------------------------------------------

Results of univariate and multivariate analyses are shown in [Supplementary File S2](#sup1){ref-type="supplementary-material"}. Based on the properties of Aldh1, Survivin and EpCAM presented in [Table 1](#tbl1){ref-type="table"}, above-median expression of Aldh1, above-median expression of Survivin, and below-median expression of EpCAM were hypothesised to have clinically unfavourable biomarker expression and to be associated with poor clinical outcome in colorectal tumours. Data from the multivariate single-marker analyses were used to verify clinically more favourable *vs* less favourable marker expression ([Figure 3](#fig3){ref-type="fig"}). Univariate analyses showed a significant association between the above-median expression of Aldh1 and poor clinical outcome in DRFS, and a trend towards a similar association for OS and DSS was identified. A significant association between above-median Survivin expression and poor clinical outcome was shown in univariate analyses for DSS and DRFS, and a trend for OS towards a similar association was identified. No significant association was found between EpCAM expression and clinical outcome in univariate analyses. In multivariate analyses, Aldh1 expression was identified as an independent prognostic factor for OS, DSS, and DRFS. For Survivin, a significant association was observed for DSS and DRFS and a trend towards an association for OS. In contrast to univariate analyses, multivariate analyses identified EpCAM expression as an independent prognostic factor for DSS. A trend towards an association between below-median EpCAM expression and poor survival was identified for OS. Together, these data show that above-median expression of Aldh1 or Survivin, or below-median expression of EpCAM, was associated with poor survival and higher tumour recurrence rates, recognising these expression patterns as clinically unfavourable phenotypes, according to expectations.

Associations of single-marker expression with clinical outcome in multivariate analyses are illustrated in [Figure 3](#fig3){ref-type="fig"} for the whole CRC patient cohort and for colon and rectal cancer patients separately. For Aldh1 and Survivin expression, we observed a statistical difference in clinical outcome between patients with a primary colon or rectum tumour ([Supplementary File S2](#sup1){ref-type="supplementary-material"}). For colon tumours (*N*=232), both uni- and multivariate analyses of OS, DSS, and DRFS showed a significant association or trend towards such an association between above-median biomarker expression and worse clinical outcome. This statistical difference was not observed in patients with rectum tumours (*N*=73). No difference in survival between patients with colon and rectum tumours was observed for EpCAM expression. The differences between colon and rectum tumours do not seem attributable to MSS-status, as the combined-marker expression was prognostic for colon cancer patients with microsatellite stable as well as microsatellite instable tumours ([Supplementary File S3](#sup1){ref-type="supplementary-material"}).

Impact of combined-marker expression on CRC patient survival
------------------------------------------------------------

Combination of biomarkers, based on tumour biology, may better reflect tumour aggressiveness and might increase the clinical discriminative and prognostic value. More aggressive tumours are likely to display clinical unfavourable expression of a higher number of biomarkers. Therefore, expression of Aldh1, Survivin, and EpCAM was combined into three patient groups (as described in the Materials and Methods section) and correlated to clinical outcome. We hypothesised that a higher group number, with a higher number of clinically unfavourable marker expression, correlated with poorer clinical outcome. As expected, combined-marker expression was associated with worse clinical outcome in CRC patients ([Table 3](#tbl3){ref-type="table"}).

Because of the observed difference in survival between patients with colon or rectum tumours in single-marker analyses, we investigated this possibility for the combination of markers as well. Indeed, for colon tumours the combination of markers proved to be a very strong prognostic factor, whereas for rectum tumours the combination of markers had no prognostic value ([Figure 4](#fig4){ref-type="fig"} and [Table 3](#tbl3){ref-type="table"}). Associations of combined-marker expression with patient survival and tumour recurrence are illustrated with Kaplan--Meier curves or cumulative incidence curves ([Figure 5](#fig5){ref-type="fig"}). Univariate survival analyses showed a significant association for OS, DSS, and DRFS between combined-marker expression and clinical outcome in colon cancer patients. A higher group number, with an increasing number of markers showing clinically unfavourable marker expression, was associated with worse survival and higher distant recurrence rates. Combined-marker expression remained an independent prognostic factor for clinical outcome for colon cancer patients in multivariate analyses of OS, DSS, and DRFS. The high HRs (ranging up to 36.6) emphasise the prognostic value of combining biomarkers for the prediction of clinical outcome ([Table 3](#tbl3){ref-type="table"}).

Thus, in combined biomarker analyses, an increasing number of the biomarkers with clinically unfavourable expression in colon tumours indicated worse clinical outcome.

Discussion
==========

In this study, we demonstrated that the combination of tumour expression levels of Aldh1, Survivin, and EpCAM is a strong predictor, with high HRs, for distant tumour recurrence and shorter survival in colon cancer patients. Our analyses implicated more aggressive tumours when an increasing number of biomarkers, representing main cancer hallmarks, show clinically unfavourable expression.

Many different processes are involved in carcinogenesis, involving many key proteins. The hallmarks of cancer, as described by Hanahan and Weinberg ([@bib17]), represent properties that a cell needs to attain in order to become and sustain itself as a tumour cell. We hypothesised that tumour aggressiveness is related to the degree of expression of each cancer hallmark by a tumour. The strength of our biomarker collective is that we did not focus on a single process, but chose and combined markers representative of main cancer hallmarks ([@bib17]) in colon cancer. Combining biomarkers that represent the major cancer hallmarks was based on the idea that the underlying tumour biology, and thereby tumour characteristics, could identify patients with an aggressive tumour phenotype, who may benefit from adjuvant therapy and/or close follow-up in addition to standard treatment based on the current TNM-staging guidelines. Our study is the first to report the prognostic value of this focused combination analyses of biomarkers, in a cohort of TNM-stage I--IV colon cancer patients. Our analyses shows that a higher degree of expression of the main cancer hallmarks in colon cancer cells is indeed associated with more aggressive tumours.

High expression of Aldh1 was expected to be associated with a worse clinical outcome in colon cancer patients based on its function. We are the first to show this association in a colon cancer patient cohort in multivariate survival analysis, as other studies did not reach statistical significance mostly due to low patients numbers ([@bib31]; [@bib21]). According to our expectations, high expression of Survivin was related to poor clinical outcome in our colon cancer patient cohort. This was in line with results reported for OS in a smaller set of CRC patients ([@bib49]). Interestingly, we demonstrated that membranous Survivin expression is only prognostic in colon cancer patients, but not in rectal cancer patients. This is in contrast to [@bib43], who demonstrated the prognostic value of Survivin expression for DFS in rectal cancer patients. These contrast findings might be due to differences in the patient cohorts. The Sprenger cohort investigated a specific patient group, namely those who had received pre-operative radiochemotherapy. In our analyses, these patients were intentionally excluded as tumour characteristics could be changed after pre-operative therapy. Although in univariate single-marker analyses EpCAM failed to reach statistical significance in our study cohort, multivariate results indicate that reduced EpCAM expression was, as hypothesised, associated with a worse DSS and higher recurrence rates in CRC. Other studies support our findings for EpCAM ([@bib46]; [@bib14]; [@bib31]).

There is great controversy on colon and rectum tumours being different disease entities. In many statistical analyses colon and rectum tumours are pooled and referred to as CRC. However, there are differences in tumours arising from colon and rectum tissues ([@bib6]; [@bib25]). The main genetic difference reported is the occurrence of microsatellite instability. In our analyses, combined-marker expression showed high significance and prognostic value in colon tumours, but not in rectum tumours, which was not attributable to MSS-status. This suggests that the representation of the different cancer hallmarks by Aldh1, Survivin, and EpCAM expression is colon cancer tissue-specific. For rectum tumours, a different set of representative biomarkers needs to be identified. This difference emphasises the increasing evidence that suggests that colon and rectum tumours could be considered different disease entities ([@bib6]; [@bib25]).

There is debate about leaving patients with TNM-stage IV out of survival analyses, as these patients often receive treatment with palliative intent instead of curable intent. In our analyses, the prognostic value of the combined-marker expression was not restricted to TNM-stages I--III. It was remarkable that the combined-marker expression also showed prognostic value in TNM-stage IV patients. TNM-stage IV patients with only favourable expression levels of Aldh1, Survivin, and EpCAM might be those patients who may actually benefit from adjuvant therapy with curable intent. We therefore also included stage IV patients in survival analyses. In addition, patients with TNM-stage III tumours and only favourable expression of the markers might not need adjuvant treatment, whereas patients with TNM-stage I or II tumours that show unfavourable marker expression only might benefit from close follow-up and adjuvant treatment, respectively.

Previously other biomarkers have been identified with prognostic and predictive properties in colon cancer. Single markers include CEA for prognosis in especially stage II and postoperative surveillance, MSS-status for prognosis in especially stage II, KRAS for predicting response/resistance to anti-EGFR antibodies (all reviewed in [@bib11], [@bib10]; [@bib24]), as well as BRAF for prognosis in MSS patients ([@bib24]) and P53 and TS for prognosis in stage II/III and response to therapy (reviewed in [@bib30]; [@bib11]). Additionally, two gene expression signatures are available as commercial platforms: one platform for prognosis of relapse-free survival in stage II colon cancer (Coloprint ([@bib40]; [@bib32])), and one with prognostic and predictive value in stage II and III colon cancer patients (Oncotype Dx ([@bib35]; [@bib15])). As discussed in the introduction, most of these biomarkers lacked a significant or discriminative value required for clinical implementation or need additional prospective assessment ([@bib12]; [@bib30]; [@bib11], [@bib10]). In contrast to most of these biomarkers, the prognostic value of the proposed combination of three biomarkers is significantly discriminative, and not limited to a particular subgroup of colon cancer patients. As immunohistochemistry is a standard method used in pathology, clinical implementation of the proposed is biomarker combination is relatively easy.

In conclusion, we showed that the combination of Aldh1, Survivin, and EpCAM expression level was a strong independent risk factor for higher distant recurrence rates and shorter survival in colon cancer patients. The proposed biomarker combination showed discriminative value combined with biological and clinical significance, with HRs up to 36.6, and should be further investigated for use in clinical setting.
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![**Study cohort selection of CRC patients.** This figure outlines the selection of the patients in the study cohort. Abbreviations: BCC=basal cell carcinoma; *CIS*=carcinoma *in situ*; CRC=colorectal cancer; LUMC=Leiden University Medical Center; *N*=number of patients.](bjc2014226f1){#fig1}

![**Examples of single-marker expression.** Representative immunohistochemical staining for below-median and above-median expression (indicated below each picture) of cytoplasmatic Aldh1, cytoplasmatic Survivin, and membranous EpCAM are shown. Identical tumour cores were used for each row. In single-marker analyses, above-median expression of Aldh1 or Survivin, or below-median expression of EpCAM was identified as unfavourable in terms of clinical outcome in CRC. Representative staining of clinically favourable (**A**) and unfavourable (**B**) marker expression are indicated.](bjc2014226f2){#fig2}

![**Multivariate single-marker expression analyses.** Shown are the hazard ratios (HR; vertical axis; log2 scale) resulting from the different single-marker multivariate survival analyses indicated with ▪, and 95% confidence intervals indicated by protruding black lines. Data are shown for all patients in the study cohort, and for patients with colon tumours or rectum tumours separately. HR\>1 indicates worse clinical outcome for above-median expression, HR\<1 indicates worse clinical outcome for below-median expression. Abbreviations: A=all patients; C=patients with colon carcinoma; DRFS=distant recurrence-free survival; DSS=disease-specific survival; OS=overall survival; R=patients with rectum carcinoma.](bjc2014226f3){#fig3}

![**Multivariate combined-marker expression analyses.** Shown are the hazard ratios (vertical axis; log2 scale) resulting from multivariate survival analyses of combined-marker expression indicated with ▪, and 95% confidence intervals indicated by protruding black lines. Numbers at the x-axis represent the combined-marker analysis groups, with all favourable expression in group 1, unfavourable expression of 1 or 2 markers in group 2, and all unfavourable expression in group 3. Data are shown for patients with colon tumours (*N*=232) or rectum tumours (*N*=73) separately. Abbreviations: OS=overall survival; DSS=disease-specific survival; DRFS=distant recurrence-free survival.](bjc2014226f4){#fig4}

![**Curves for univariate survival analyses of combined-marker expression.** Kaplan--Meier curves or cumulative incidence plots illustrating univariate survival analyses of combined-marker expression. Data are shown for patients with colon tumours (*N*=232) and rectum tumours (*N*=73) separately. Tables below the curves indicate the numbers at risk per group for the different time points. *P*-values of the univariate Cox proportional hazard analyses are presented in the graphs. Patients were divided in 3 groups, with all favourable expression in group 1 (), unfavourable expression of one or two markers in group 2 (), and all unfavourable expression in group 3 ().The x-axis represents survival in years since surgery. Abbreviations: DRFS=distant recurrence-free survival; DSS=disease-specific survival; OS=overall survival.](bjc2014226f5){#fig5}

###### Representation of the main cancer hallmarks by selected individual biomarkers

  **Main hallmarks of cancer**^1^      **Aldh1 expression**                                                                                     **Survivin expression**                                                                             **EpCAM expression**
  ------------------------------------ -------------------------------------------------------------------------------------------------------- --------------------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------------------------------------------
  Sustaining proliferative signal      Upregulation→conversion of retinol to the cell proliferation modulator retinoic acid^2^→proliferation↑   Upregulation→regulation of microtubule dynamics^3--5^→proliferation↑                                ---
  Evading growth suppression           ---                                                                                                      ---                                                                                                 Downregulation→inhibited modulation of Ca^2+^-independent homophilic intercellular adhesions→growth contact inhibition↓^6,7^
  Enabling replicative immortality     ---                                                                                                      Upregulation→increased hTERT gene transcription → enhanced telomerase activity → immortality^8,9^   ---
  Activating invasion and metastasis   Upregulation in CSCs→ability to initiate tumour growth and metastasis in mice^10^                        Upregulation→induction of MMP expression→metastasis↑^11--13^                                        Downregulation→induction of migratory potential→metastasis↑^14,15^
  Inducing angiogenesis                ---                                                                                                      Upregulation→increase in microvessel density^16^→angiogenesis                                       ---
  Resisting cell death                 Upregulation→protection against oxidative stress→cell death↓^17^                                         Upregulation→binding cell death protease caspase-3→apoptosis↓^18--23^                               ---

Abbreviations: CSCs=cancer stem cells; MMP=matrix metalloproteinase.

Listed are the main cancer hallmarks and their representation by Aldh1, Survivin and EpCAM for colorectal cancer. Associations of marker expression with certain hallmarks are indicated, followed by an explanation of the association. References:

1\. [@bib17]; 2. [@bib8]; 3. [@bib19]; 4. [@bib39]; 5. Went *et al*, 2006; 6. [@bib28]; 7. [@bib29]; 8. [@bib38]; 9. [@bib41]; 10. [@bib20]; 11. [@bib7]; 12. [@bib39]; 13. [@bib26]; 14. [@bib4]; 15. [@bib29]; 16. [@bib23]; 17. [@bib45]; 18. [@bib2]; 19. [@bib22]; 20. [@bib23]; 21. [@bib39]; 22. [@bib49]; 23. [@bib48].

###### Associations of single-marker status with clinicopathological parameters

                                                          **Aldh1**   **Survivin**   **EpCAM**                                                                                                                           
  ------------------------------------------------------- ----------- -------------- ----------- ------ ----- ------ ---------- ----- ------ ----- ------ ----- ------ ---------- ----- ------ ----- ------ ----- ------ ----------
  **Age at operation**                                                                                                                                                                                                   
  \<50                                                    38          12.3           20          12.9   18    11.7   **0.02**   38    12.4   19    12.7   19    12.0   0.9        37    12.1   25    16.3   12    7.9    0.08
  50--75                                                  201         65.0           90          58.1   111   72.1              199   64.8   98    65.8   101   63.9              198   64.9   95    62.1   103   67.8    
  ⩾75                                                     70          22.7           45          29.0   25    16.2              70    22.8   32    21.5   38    24.1              70    23.0   33    21.6   37    24.3    
  **Gender**                                                                                                                                                                                                             
  Female                                                  156         50.5           77          49.7   79    51.3   0.8        154   50.2   73    49.0   81    51.3   0.7        152   49.8   82    53.6   70    46.1   0.2
  Male                                                    153         49.5           78          50.3   75    48.7              153   49.8   76    51.0   77    48.7              153   50.2   71    46.4   82    53.9    
  **TNM-stage**                                                                                                                                                                                                          
  I                                                       54          17.5           29          18.7   25    16.2   0.9        54    17.6   31    20.8   23    14.6   **0.02**   53    17.4   28    18.3   25    16.4   0.6
  II                                                      115         37.2           59          38.1   56    36.4              114   37.1   63    42.3   51    32.3              114   37.3   56    36.6   58    38.2    
  III                                                     90          29.1           44          28.4   46    29.9              89    29.0   39    26.2   50    31.6              89    29.2   48    31.4   41    27.0    
  IV                                                      50          16.2           23          14.8   27    17.5              50    16.3   16    10.7   34    21.5              49    16.1   21    13.7   28    18.4    
  **Tumour location**                                                                                                                                                                                                    
  Colon                                                   235         76.1           116         74.8   119   77.3   0.6        233   75.9   114   76.5   119   75.3   0.8        232   76.1   118   77.1   114   75.0   0.7
  Rectum                                                  74          23.9           39          25.2   35    22.7              74    24.1   35    23.5   39    24.7              73    23.9   35    22.9   38    25.0    
  **Tumour diameter**                                                                                                                                                                                                    
  \<50 mm                                                 209         67.6           112         72.3   97    64.5   0.06       208   67.8   102   68.5   106   67.9   0.9        207   67.9   111   72.6   96    63.2   0.1
  ⩾50 mm                                                  98          31.7           41          26.5   57                      97    31.6   47    31.5   50    32.1              96    31.5   41    26.8   55    36.2    
  Unknown                                                 2           0.7            2           1.2    0     35.5              2     0.6    0     0.0    0     0.0               2     0.6    1     0.6    1     0.6     
  **Microsatellite status**                                                                                                                                                                                              
  Stable                                                  214         69.3           110         71.0   104   67.5   0.6        213   69.4   102   68.5   111   70.2   0.7        213   69.8   106   69.3   107   70.4   0.3
  Unstable                                                36          11.6           15          9.7    21    13.7              36    11.7   16    10.7   20    12.7              36    11.8   15    9.8    21    13.8    
  Unknown                                                 59          19.1           30          19.3   29    18.8              58    18.9   31    20.8   27    17.1              56    18.4   32    20.9   24    15.8    
  **Adjuvant therapy in FU[a](#t2-fn2){ref-type="fn"}**                                                                                                                                                                  
  No                                                      233         75.4           120         77.4   113   73.4   0.4        231   75.2   116   77.9   115   72.8   0.3        231   75.7   118   77.1   113   74.3   0.6
  Yes                                                     76          24.6           35          22.6   41    26.6              76    24.8   33    22.1   43    27.2              74    24.3   35    22.9   39    25.7    
  **Tumour in FU[a](#t2-fn2){ref-type="fn"}**                                                                                                                                                                            
  No                                                      269         87.1           136         87.7   133   86.4   0.7        267   87.0   131   87.9   136   86.1   0.6        265   86.9   139   90.8   126   82.9   **0.04**
  Yes                                                     40          12.9           19          12.3   21    13.6              40    13.0   18    12.1   22    13.9              40    13.1   14    9.2    26    17.1    

Abbreviations: *N*=number of patients; *P*=*P*-value. Shown are data from associations of single-marker expression status with clinicopathological parameters. Significant associations are indicated in bold. Covariate \'Tumour in FU\' included secondary colorectal carcinomas and other types of primary tumours, other than basal cell carcinoma or carcinoma *in situ*.

Entered as time-dependent covariate in survival analyses.

###### Results of univariate and multivariate survival analyses of combined-marker expression

                     **OS**     **DSS**    **DRFS**                                                                                                                                                                  
  ------------ ----- -------- ------------ ----------- ------ ------------- ----------- ------- ------------- ----------- ------- -------------- ----------- ------- ------------- ----------- ------- ------------- -----------
  **All**                                                                                                                                                                                                            
  gr 1         30    1.00      1.00--1.00  **0.02**    1.00    1.00--1.00   **0.000**   1.00     1.00--1.00   **0.000**   1.00      1.00--1.00   **0.000**   1.00     1.00--1.00   **0.000**   1.00     1.00--1.00   **0.000**
  gr 2         244   1.26      0.75--2.11  0.4         1.66    0.92--2.97   0.09        2.10     0.85--5.17   0.1         3.48      1.22--9.94   **0.02**    2.49     1.02--6.13   **0.05**    3.94     1.40--11.03  **0.009**
  gr 3         31    2.20      1.17--4.12  **0.01**    5.02    2.38--10.59  **0.000**   5.16     1.93--13.77  **0.001**   13.10    3.89--44.10   **0.000**   5.48     2.06--14.56  **0.001**   13.28    4.17--42.26  **0.000**
  **Colon**                                                                                                                                                                                                          
  gr 1         22    1.00      1.00--1.00  **0.01**    1.00    1.00--1.00   **0.000**   1.00     1.00--1.00   **0.000**   1.00      1.00--1.00   **0.000**   1.00     1.00--1.00   **0.000**   1.00     1.00--1.00   **0.000**
  gr 2         188   1.37      0.74--2.54  0.3         1.87    0.92--3.80   0.08        3.83     0.94--15.64  0.1         5.64     1.30--24.40   **0.02**    4.69     1.15--19.10  **0.03**    6.15     1.46--25.91  **0.01**
  gr 3         22    2.76      1.30--5.86  **0.008**   8.25    3.36--20.26  **0.000**   12.25    2.82--53.16  **0.001**   36.58    7.22--185.47  **0.000**   12.97    2.99--56.31  **0.001**   27.14    5.72--128.8  **0.000**
  **Rectum**                                                                                                                                                                                                         
  gr 1         8     1.00      1.00--1.00  0.7         1.00    1.00--1.00   0.5         1.00     1.00--1.00   1.0         1.00      1.00--1.00   1.0         1.00     1.00--1.00   1.0         1.00     1.00--1.00   0.7
  gr 2         56    0.95      0.37--2.45  0.9         0.62    0.18--2.15   0.4         0.93     0.28--3.14   0.9         1.07      0.18--6.47   0.9         0.98     0.30--3.27   1.0         0.95     0.18--4.97   1.0
  gr 3         9     1.31      0.42--4.14  0.6         1.17    0.32--4.33   0.8         1.01     0.20--5.02   1.0         1.02      0.14--7.39   1.0         1.17     0.26--5.22   0.8         1.56     0.27--9.04   0.6

Abbreviations: CI=confidence interval; DRFS=distant recurrence-free survival; DSS=disease-specific survival; gr=group; HR=hazard ratio; *N*=numbers at risk; OS=overall survival; *P*=*P*-value.

Shown are the data from univariate and multivariate combined-marker expression. Data are shown for all patients in the study cohort (*N*=305), and for patients with colon tumours (*N*=232) or rectum tumours (*N*=73) separately. Group numbers 1--3 indicate the patient groups based on the number of markers showing clinically unfavourable expression, with group 1 (all low), group 2 (one or two high) and group 3 (all high). HR\>1 indicates better clinical outcome for reference group 1; HR\<1 indicates worse clinical outcome for reference group 1. Significant associations are indicated in bold.
